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I. INTRODUCTION
For more than ten years, transmission of information in optical fiber systems at bit rates per channel higher than 160 Gbit/s has been subject to a large number of numerical and experimental investigations [1] - [2] . At such bit rates, fiber dispersion becomes one of the dominant limiting effects and the implementation of a dispersion compensation scenario is usually necessary to ensure that each pulse remains trapped in its bit slot when the optical signals reach the receiver.
Basically, two dispersion management techniques have been reported in the literature. The first one, referred as "conventional dispersion management", consists of compensating for the dispersion of the transmission fiber (typically single mode fiber SMF) at the end of each amplification span. In such pseudo-linear systems, input pulses broaden rapidly and spread over a large number of neighboring bits. The propagation distance is therefore mainly limited by intrachannel nonlinear effects such as intrachannel four wave mixing (IFWM) or intrachannel cross-phase modulation (IXPM) [3] - [5] . The second technique, known as "dense dispersion management" (DDM), consists of alternating the fiber dispersion over distances much shorter than the amplification span (typically every kilometer) [6] - [7] . In such systems, pulses propagate with a strongly reduced breathing, leading to a significant reduction of the intrachannel interactions [6] . This DDM technique was then considered in several numerical and experimental investigations [6] - [22] . In particular Maruta et al. were first to experimentally demonstrate the capacity of this kind of transmission regime through the propagation of a 87-GHz pulse train [12] . In 2003, Fatome et al. have also demonstrated the potential of the DDM technique for 160-Gbit/s applications through the propagation of a 160-GHz pulse train on 900 km in a commercially available NZ-DSF fiber based dispersion map [13] . In parallel, dense dispersion fibers called "perfect cables" because of their spliceless feature were also developed to overcome the practical implementation issue provided by the concatenation of a large number of fiber sections and in particular the resulting splicing losses [14] , [17] - [18] . The drawing process of this kind of DDM fibers was demonstrated in refs. [14] , [17] - [18] and lead to the first and only experimental system result of a 100-Gbit/s transmission on 1000 km [14] . More recently, a comparison between the DDM and quasi-linear regimes at 160 Gbit/s has been also reported in ref. [19] , showing that DDM transmission lines, which allow much longer propagation distance in a single-channel configuration than pseudo-linear systems, could suffer from strong interchannel nonlinear interactions in the wavelength division multiplexed (WDM) configuration.
However, in ref. [20] , Shtaif has shown that these interchannel penalties could be removed by using a two-fold periodicity but in the cost of the DDM map simplicity. Nevertheless, another practical advantage of DDM system is that the information is available at each dispersion managed cell (typically every kilometer) whereas in pseudo-linear systems, pulses are recovered only at the end of the amplification span (typically 100 km). This property could find significant interest in some specific systems, for example in a network configuration where the signal could be plugged in or picked up at almost any point of the line. Therefore, we believe that some efforts remain to be done in order to better understand the basic properties of DDM systems. Indeed, although many analytical and numerical studies have been published on the DDM technique, the design rules remain generally either complicated, large numerical time consuming, sometimes simply inaccurate and most often far from the real implementation issues. Consequently, it is worth noting that very few experimental results follow from these studies. In this context, we
propose to establish and demonstrate in this work some analytical and practical simple rules for the design of single-channel DDM fiber systems and to numerically study some of actual implementation issues such as slope compensation scenario, polarization mode dispersion, junction losses and chromatic dispersion fluctuations.
II. ANALYTICAL DESIGN RULES

Optimum number of fiber sections
The DDM system studied in this work is schematically described in Fig. 1 . It consists of an amplification span of Z a =50 km made of a concatenation of N fiber sections (L 1 ≈L 2 ) with opposite dispersions of +/-D and an average dispersion dm. The third order dispersion is taken into account and slopes could have the same or opposite signs depending on the study. The fiber has an effective area of 55 µm 2 and typical high losses of α = 0.3 dB/km due to the prototype nature of this kind of fiber. The amplification stage is ensured by an Erbium doped fiber amplifier (noise figure of 4.5 dB) followed by a 1-THz flat-top optical filter to avoid the accumulation of spontaneous noise emission during the propagation. The transmitted signal consists of a returnto-zero (RZ) 160-Gbit/s pseudo-random bit-sequence (prbs) of 2048 bits with Gaussian pulses having a full width at half maximum of FWHM 0 =1.5ps. Polarization mode dispersion (PMD) is taken into account thereafter.
The design rules of the system are based on an original idea developed by Mamyshev in ref. [23] and extended here to the DDM implementation. Basically, as illustrated in Fig.1b , in a densely dispersion managed system, the map length being much shorter than the amplifier span, pulses propagate with a strongly reduced breathing compared with the case of a conventional dispersion management system [6] - [11] . Following the observation that the pulse breathing is limited to the first neighboring bit-slots, and in order to determine the optimum number of fiber sections contained in our system N=N opt , we have to found a criterion which minimizes only the nonlinear interactions between first adjacent pulses. To this aim, as proposed by Mamyshev in ref. [23] for classical dispersion management systems, we shall consider the nonlinear phase of a pulse P 1 (t) overlapped during its propagation by a neighboring pulse P 2 (t). In order to apply and extend the Mamyshev method to the case of DDM system, we will consider not only the cross phase modulation effect (XPM) but also the self phase modulation (SPM) undergone by pulses during their propagation and minimize the total shift of the instantaneous frequency occurring during the whole DDM amplifier span propagation. 
with t 0 =FWHM 0 /2ln(2) 1/2 , FWHM 0 being the full width at half-maximum at z=0.
During its propagation on dz in the DDM system, the cumulated nonlinear phase of P 1 (t) is given by:
where β 2 is the chromatic dispersion of the first fiber segment and ω the angular pulsation. The instantaneous frequency shift dΔf integrated on P 1 (t) propagating on dz is then given by:
where we have multiplied the top term by P 1 so as to balance the nonlinear effects by the number of photons of P 1 (t) concerned by the overlapping interaction.
If we now calculate the total instantaneous frequency shift Δf undergone by P 1 (t) along the amplification span we obtain the following relation: 
Fig. 2. Instantaneous frequency shift as a function of maximum pulse broadening occurring in the line.
We can see in Fig. 2 that the evolution of Δf is dramatically different that the results obtained in ref. [23] by Mamyshev. For very weak pulse broadening, pulses propagate in a quasi soliton regime and consequently the SPM effect dominates. Then, when the maximum of pulse broadening increases and pulses begin to overlap, we can see that the total instantaneous frequency shift decreases until a minimum obtained for ε=0.55. This phenomenon can be explained by the decrease of the average peak power due to pulse broadening and thus the decrease of SPM, but also by the fact that SPM and XPM have an opposite sign when pulses began to overlap. For pulse broadening larger than ε=0.55, the XPM effect begin to dominate and reach a maximum for ε=1.5 where maximum of nonlinear interactions occur. Note that for broadening larger than 3, the model is not still valid because pulses begin to overlap on several neighboring pulses and thus, we fall in a classical dispersion managed system mainly rules by
The maximum pulse width (FWHM) achieved by a Gaussian pulse having an initial pulse width FWHM 0 and propagating in our DDM line is obtained at ~L 1 /2 and is given by [24] :
where L d is the dispersion length given by [24] :
By introducing the condition on ε in equation 6, we can now calculate the optimum and worst number of fiber sections N as a function of fiber dispersion of the line and initial pulse width thanks to the following relation:
where ε = 0.55 for the optimum fiber line N opt and ε = 1.5 for the line to avoid N avoid . Note that linear and local losses could be taken into account in relation (5) but would not change the optimum line.
In order to valid our approach, we have simulated the DDM system illustrated in Note that the number of fiber sections is not a critical parameter and presents a large tolerance around N opt where performances remain larger than 2500 km, which is a great advantage for practical implementation. Figure 5 complete the numerical results obtained in Fig. 4a for the optimum number of fiber sections. We can see that the maximum transmission distance (circles) is merely constant as a function of dispersion but it would be suitable to choose a dispersion value above 2 ps/km.nm in order to be less sensitive to the third order chromatic dispersion and dispersion fluctuations. We have also indicated in Fig. 5 the corresponding optimum S parameter (stars) often used in the literature and given by:
Fig. 3. (a) Performance-map for the D = +/-3 ps/km.nm, S = +/-0.07 ps/km.nm 2 DDM line as a function of number of fiber sections and average power (b) Q-factor as a function of distance for the optimum (N=60) and to avoid (N=20) D = +/-3 ps/km.nm, S = +/-
We can see that the usual S parameter is merely found around 2.5 and not equal to 1.65 as often mentioned in the literature [26] . We attribute this observation to the fact that the S = 1.65 rule was obtained by means of the collision distance calculation between two neighboring pulses which we believe is no suitable to optimize a DDM system. Fig. 4a .
Fig. 5. Numerical results: Maximum transmission distance (circles) and S parameter (stars) as a function of fiber dispersion for the optimum number of fiber section N opt found in
Optimum average dispersion
It has been shown in previous works that a slight positive average dispersion can substantially improve the performance of the dispersion-managed transmission line [7] . This property is illustrated in Fig. 6a where we have plotted the evolution of the maximum transmission distance of the D = +/-3 ps/km.nm 60-sections DDM fiber as a function of the average dispersion of the line for an average power of P opt = 5.5 dBm (stars). As can be seen, the maximum transmission distance is increased by nearly a factor two simply by optimizing the amount of residual dispersion.
(a) (b) Therefore, in this section, we will focus our attention on indicating a way so as to simply and rapidly determine the optimum average dispersion of the DDM line. To this aim, we will compare our method to two other techniques to estimate this optimal value. The first one consists of simulating the signal propagation as in Fig. 6a (stars) and calculating the Q-factor for each value of the average dispersion [7] . Since it models the system as accurately as possible, this method is the most reliable but is in general large numerical time consuming. To overcome this drawback, some analytical methods have been developed, mainly based on variational techniques. For example, in a recent paper, Nakkeeran et al. have derived an analytical method based on collective variables to obtain an estimation of the optimum average dispersion [20] - [22] . By applying this method to our system, we have instantaneously obtained the value indicated by a circle in Fig. 6a . A good agreement with numerical simulations is obtained, illustrating the efficiency of this analytical approach. But, because such an analytical technique can be difficult to implement in practice, we have finally considered a simple numerical method based on the propagation of a single optical pulse. More precisely, we will consider an isolated optical pulse of our signal propagating in a single amplification span and will maximize the correlation between the input and output pulses as a function of the average dispersion. At the end of the span, we estimate the transmission quality by using the following correlation parameter:
where α is the linear fiber losses, u(t) the electric field and φ a is a phase offset chosen so that the two complex fields have the same phase at the center of the bit slot. Figure 6b shows the evolution of Δ (in normalized units) as a function of the average dispersion of the D = +/-3-ps/km.nm, 60-sections, P opt = 5.5 dBm DDM line. The minimum Δ value (square in Fig. 6a ), corresponding to a maximum correlation between the input and output pulses, is in good agreement with the values obtained from the previous methods and thus provides a good estimation of the optimum average group-velocity dispersion. Note that this simple technique, as well as the collective variables approach, is efficient as long as the interaction between neighboring adjacent pulses can be neglected.
III. INFLUENCE OF DISPERSION FLUCTUATIONS
As pointed out in refs. [17] , [27] - [28] , dispersion of fiber sections can fluctuate along the line due to the extreme sensitivity of the DDM fiber drawing process or simply because of the influence of surroundings [27] - [28] and thus could lead to pulse broadening and signal degradations [29] - [30] . 
IV. INFLUENCE OF SLOPE COMPENSATION SCENARIO
Although it was demonstrated in ref. [14] , it seems technically difficult during the drawing process to achieve a slope management by means of opposite slope fiber sections. Consequently, manufacturers would often prefer to minimize a fixed value of the line dispersion slope [17] - [18] .
It's the reason why, we have considered in this section several scenarios of slope compensation by means of additional lumped negative-slope modules [13] , [31] . Figure 8a shows the maximum transmission distance (Q>6) of the optimum D = +/-3-ps/km.nm, 60-sections, P opt = 5.5-dBm, S = 0.07-ps/km.nm 2 and S = 0.035-ps/km.nm 2 DDM system for an in-line slope management with fiber sections of opposite slope (scenario 1), for an end-line compensation by means of a module localized at the amplification site which compensates for the total third-order chromatic dispersion (TOD) (scenario 4), for the same module localized in the middle of the line (scenario 3) and for two modules which compensates for half of the third-order dispersion localized at 1/3 and 2/3 of the line (scenario 2). For these simulations, the module has been supposed to be lossless. We can see in Fig. 8a that the transmission distance is largely reduced without an in-line slope compensation (1600 km for scenario 4 vs 2700 km) even with a weak slope value of S = 0.035 ps/km.nm 2 . As shown in Fig. 8b , which illustrates the eye-diagrams of the 160-Gbit/s signal after 1000 km of propagation for the 4 different scenarios, this behavior is largely due to (a) (b)
severe asymmetric distortions undergone by pulses during the propagation and that, even for a linear perfect slope compensation. This phenomenon was already observed in ref. [31] and could be explained by the fact that pulses propagate on numbers of TOD length L d3 [24] :
Typically, pulses propagate on more than 8 L d3 with a 0.07-ps/km.nm 2 dispersion slope in a 50-km span and thus undergone large asymmetries which increase nonlinear interactions between neighboring pulses. These asymmetries modify the pulse spectrum through self-phase modulation and tend to increase the dispersion slope effect compare to a linear propagation regime which consequently, changing the amount of TOD to be compensated. These observations underline the practical issue of slope compensation in presence of nonlinear effects. Meanwhile, despite the increase of nonlinear interactions between adjacent pulses due to pulse asymmetry, we have found by including the third order dispersion in relations (3) and by integrating the instantaneous frequency shift dΔf on the whole span of amplification Z a that scenario slope compensation does not affect the choice of the optimum fiber line. In order to clarify this point, we have plotted in Fig. 9a the total instantaneous frequency shift as a function of the number of fiber sections contained in the D = +/-3 ps/km.nm fiber line for an end-line slope compensation scenario. We can see that for S = 0.035 or 0.07 ps/km.nm 2 , the optimum number of fiber sections N opt is still around 60 as found in Fig. 4a for an in-line slope compensation. We have then verified this theoretical prediction by numerical simulations. 
V. INFLUENCE OF OPTICAL LOSSES
As mention in ref. [17] , manufacturing a dense dispersion cable by means of an outer diameter variation of the drawing fiber or thanks to an assembly of preform canes, could lead to additional losses at section junctions. In another hand, since it seems complicated to draw a DDM fiber including both second-and third-order dispersion compensation, one could prefer designing a DDM line simply by splicing a couple of fibers with suitable and well-known parameters [12] - [13] . In both cases, it is then interesting to study the influence of junction losses on the optimum dispersion map. Even if we can add the local losses of the system in the model described in section 1, it seems difficult to compare the different dispersion maps as a function of the number of fiber sections because the optimum average power will increase with the total losses of the system. In this context and in order to give an overview of the different parameters influencing
the system performances, we have first completed a performance map of the D = +/-3 ps/km.nm, S = +/-0.07 ps/km.nm 2 fiber line where we have included a 0.1-dB loss at each fiber junction.
Results are plotted in Fig. 10a and show that, compared to Fig. 3a (without junction loss) , the area in which the performances of the system are maximized is largely reduced and slightly shifted towards the lower number of fiber sections. The maximum transmission distance is reduced to 1600 km (vs 2700 km in the lossless junction case) and was still obtained as in Fig. 3a for 
VI. INFLUENCE OF POLARIZATION MODE DISPERSION
In this last section, we have focused our attention on the influence of the polarization-modedispersion (PMD) on the DDM system performances. It is now well known that at bit rates higher than 40 Gbit/s, PMD emerges as a key limitation in already installed optical fiber transmission systems [32] due to large pulse distortion and broadening [33] - [34] and thus should be one of the key parameter for future generation of fibers. In this context, we have studied the influence of the amount of PMD on the performances of the optimum D = +/-3 ps/km.nm, S = +/-0.07 ps/km.nm 2 , 60-sections, 5.5-dBm DDM line. In our simulations, PMD was modeled using the standard coarse-step method based on the numerical integration of two coupled nonlinear
Schrödinger equations in randomly varying birefringent short fiber sections [33] - [34] . Note that in order to take into account for the stochastic feature of the PMD effect, each point was obtained
by averaging the Q-factor over 100 realizations. Figure 11a shows the evolution of the Q-factor as a function of propagation distance for several values of the line PMD. Dramatically, we found that the transmission distance, compare to the 0-PMD line, is divided by more than 2 and 3 for reasonable prototype fiber values of 0.1 ps/km 1/2 and 0.15 ps/km 1/2 . Indeed, the Q-factor penalty, represented in Fig. 11b , reaches almost 3 and 6 dB after only 1000 km of propagation. We can conclude that the PMD of the DDM fiber has to be less than 0.05 ps/km 1/2 to prevent any dramatic degradation or has to be compensated to keep its benefits compared to a classical SMF/DCF map. (b) (a)
VII. CONCLUSION
In this work, we have established and demonstrated some analytical and practical simple rules for the design of single-channel ultra-high speed (>160-Gbit/s) telecommunication systems based on special dense dispersion management drawn fiber. We have also numerically studied some of practical implementation issues such as the slope compensation scenario, the influence of dispersion fluctuations along the line, the junction losses and polarization mode dispersion. We have found that the slope compensation scenario and junction losses could be neglected for the design of the line, that moderate random chromatic dispersion fluctuations do not provide any signal degradation and that polarization mode dispersion will be a key parameter during the drawing process. Finally, following our rules, the ideal 160-Gbit/s DDM line would have a number of fiber sections which chromatic dispersion provides a maximum pulse broadening of 0.55 times the bit-slot, a third order dispersion compensation with fiber section of opposite slope is recommended and the PMD must be kept below 0.05 ps/km 1/2 to allow transmission distances larger than 2000 km.
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